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SARS coronavirus (SARS-CoV) is known to efficiently suppress the induction of antiviral type | 


interferons (IFN-«/f) in non-lymphatic cells through inhibition of the transcription factor IRF-3. 


Plasmacytoid dendritic cells, in contrast, respond to infection with production of high levels of 


IFNs. Here, we show that pretreatment of non-lymphatic cells with small amounts of IFN-« 
(IFN priming) partially overturns the block in IFN induction imposed by SARS-CoV. IFN 
priming combined with SARS-CoV infection substantially induced genes for IFN induction, IFN 


signalling, antiviral effector proteins, ubiquitination and |SGylation, antigen presentation and other 


cytokines and chemokines, whereas each individual treatment had no major effect. Curiously, 


however, despite this typical IFN response, neither IRF-3 nor IRF-7 was transported to the 


nucleus as a sign of activation. Taken together, our results suggest that (i) IFN, as it is produced 


by plasmacytoid dendritic cells, could enable tissue cells to launch a host response to SARS- 
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CoV, (ii) IRF-3 and IRF-7 may be active at subdetectable levels, and (iii) SARS-CoV does not 


INTRODUCTION 


SARS coronavirus (SARS-CoV) is the causative agent of 
severe acute respiratory syndrome (SARS), a life-threaten- 
ing human disease that has recently emerged in China 
(Drosten et al., 2003; Ksiazek et al., 2003; Kuiken et al., 
2003; Peiris et al., 2003b). SARS-CoV causes high fever, 
myalgia, dry cough and lymphopenia, and around 30% of 
patients develop an atypical pneumonia (Denison, 2004; 
Peiris et al., 2004). The worldwide epidemic in spring 2003 
resulted in over 8000 cases with 774 deaths (WHO, 2004). 


SARS-CoV is known to be sensitive to the antiviral action 
of type I interferons (IFN-«/f) both in cell culture and in 
vivo (Cinatl et al., 2003; Haagmans et al., 2004; Stroher et 


Two supplementary tables showing oligonucleotide primers used for RT- 
PCR analyses and global gene expression in IFN-primed and SARS- 
CoV-infected 293lp cells are available with the online version of this 


paper. 
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al., 2004). IFNs are synthesized and secreted by infected 
cells and stimulate expression of potent antiviral proteins 
(Sadler & Williams, 2008; Samuel, 2001). IFN induction in 
tissue cells occurs mainly by an intracellular pathway. 
Hallmark molecules of virus infection, such as double- 
stranded RNA (dsRNA) or 5’-triphosphorylated single- 
stranded RNA, are recognized by cellular receptors such as 
RIG-I and MDAS, and activate a signalling chain resulting 
in phosphorylation of the transcription factor IRF-3 
(Pichlmair & Reis e Sousa, 2007; Yoneyama & Fujita, 
2008). IRF-3 is a member of the IFN-regulatory factor 
(IRF) family and plays a central role in the transactivation 
of the IFN-f promoter (Hiscott, 2007). Phosphorylated 
IRF-3 homodimerizes and moves into the nucleus, where it 
initiates IFN-f mRNA synthesis (Suhara et al., 2002; 
Weaver et al., 1998). This first-wave IFN triggers 
expression of a related factor, IRF-7, which is present only 
in low amounts in unstimulated fibroblasts (Honda et al., 
2005). IRF-7 can be activated by the same pathway as IRF-3 
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(Caillaud et al., 2005), leading to a positive-feedback loop 
that initiates the synthesis of several IFN-« subtypes as the 
second-wave IFNs (Marie et al., 1998). 


Despite its sensitivity against IFN-«/f, SARS-CoV grows at 
a fast rate and spreads rapidly to different organs, including 
the lungs (Gu et al., 2005; Peiris et al., 2003a). We have 
shown previously that, in non-lymphatic cells infected with 
SARS-CoV, neither dimerization nor stable nuclear 
accumulation of IRF-3 occurs (Spiegel et al., 2005). 
Consequently, infected cells do not transcribe the IFN-f 
gene (Spiegel et al., 2005), although the IFN inducer 
dsRNA is generated by the virus (Weber et al., 2006). In 
contrast, plasmacytoid dendritic cells (pDCs), which are 
the major IFN producers of the immune system, are able to 
release significant amounts of IFN after SARS-CoV 
infection (Cervantes-Barragan et al., 2007). 


It is known that pretreatment of cells with small amounts 
of IFN (‘priming’) can enhance the response to viral 
infection significantly (Erlandsson et al., 1998; Phipps- 
Yonas et al., 2008; Stewart et al., 1971). We therefore 
wondered whether IFN, as it is produced by infected pDCs, 
could alter the response of tissue cells to SARS-CoV 
infection. Our study indicates that IFN priming indeed 
enables cells to overturn the virus-imposed block in IFN 
induction in such a way that infected cells start to produce 
low but detectable amounts of IFNs, resulting in a typical 
IFN response. Nonetheless, no detectable signs of IRF-3 or 
IRF-7 activation were observed, indicating that the various 
anti-IFN mechanisms employed by the virus are still 
functioning to some extent. 


METHODS 


Cells, viruses, cytokines and plasmids. Simian Vero cells, human 
A549 cells and human 293 low-passage (Ip) cells were cultivated in 
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 
calf serum. The 293lp cell clone (Graham et al., 1977) was purchased 
from Microbix Biosystems and cells were used between passages 38 
and 48. The FFM-1 isolate of SARS-CoV was kindly provided by 
Stephan Becker, University of Marburg, Germany. Rift Valley fever 
virus strain Clone 13 was kindly provided by Michele Bouloy, 
Institute Pasteur, Paris, France. Clone 13 and SARS-CoV were 
propagated in Vero cells. Viruses were handled exclusively in a 
biosafety level 3 facility. Recombinant human IFN-« B/D was 
purchased from PBL Biomedical Laboratories. Expression constructs 
for human IRF-7 were generated by amplifying cDNA from the 
plasmid pBS-hIRF7A (a kind gift from Luwen Zhang, Nebraska 
Center for Virology, UNL Biological Sciences, Lincoln, NE, USA) by 
PCR using the upstream primer 5’-CCGGATCGATATGGCCTTGG- 
CTCCTGAGAGGGCAGCCCCA-3’ and the downstream primer 5’- 
CGCGCTCGAGCTAGGCGGGCTGCTCCAGCTCCATAAG-3’, con- 
taining Clal and Xhol sites, respectively. The PCR product was 
introduced into the expression vector pCAGGs (Niwa et al., 1991) by 
digestion with Clal and Xhol restriction endonucleases to obtain the 
construct pCAGGs-hIRF7A. The green fluorescent protein (GFP) 
fusion construct pCAGGs-GFP-hIRF7A was generated by introducing 
the hIRF7A open reading frame (ORF) via PCR into the expression 
plasmid pCAGGs-GFP. pCAGGs-GFP was generated by cloning the 
GFP ORF from pEGFP-C1 (Clontech) into the pCAGGs vector. 
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RT-PCR analysis. Total RNA was extracted from cells by using 
TriFast reagent (Peqlab) and treated with DNase I (Fermentas). For 
reverse transcription (RT), 1 ug total RNA was incubated with 200 U 
SuperScript II reverse transcriptase (Gibco-BRL) and 100 ng random 
hexanucleotides in 20 pl 1 x RT buffer (Gibco-BRL) supplied with 
1 mM each dNTP, 20 U RNasin and 10 mM dithiothreitol. The 
resulting cDNA was amplified by 35 cycles of PCR, with each cycle 
consisting of 30s at 94 °C, 1 min at 58 °C and 1 min at 72 °C, 
followed by 10 min at 72 °C. Primer sequences are available in 
Supplementary Table S1 (in JGV Online). 


GeneChip analysis. The Affymetrix U133 Plus 2.0 array, which has 
complete coverage of the Human Genome U133 Set plus 6500 
additional genes for analysis of over 47000 transcripts, was used. 
GeneChip analysis was done according to the standard protocol 
provided by the manufacturer. Briefly, RNA was extracted by using 
TRIzol (Invitrogen) followed by purification using a Qiagen RNeasy 
Total RNA Isolation kit. Total RNA (10 pg) was first reverse- 
transcribed by using a T7-oligo(dT) promoter primer in the first- 
strand cDNA synthesis reaction. Following RNase H-mediated 
second-strand cDNA synthesis, the double-stranded cDNA was 
purified and served as template in the subsequent in vitro 
transcription reaction, which was carried out in the presence of T7 
RNA polymerase and a biotinylated nucleotide analogue/ribonucleo- 
tide mix for CRNA amplification and biotin labelling. The biotinylated 
cRNA targets were then cleaned up, fragmented and hybridized to 
GeneChip expression arrays. After washing and staining with 
streptavidin—phycoerythrin, signal intensity was scanned by using a 
GeneChip Scanner 3000. Results are reported in tabular format in 
Supplementary Table S2 (available in JGV Online). 


Real-time RT-PCR. Total cellular RNA was isolated with a 
NucleoSpin RNA II kit (Macherey-Nagel) and eluted in 30 ul 
double-distilled H,0. An aliquot of 600 ng RNA was then used as a 
template for cDNA synthesis, which was performed by using a 
QuantiTect RT kit (Qiagen) according to the manufacturer’s 
instructions. MRNA levels of human y-actin and IFN-f were detected 
with QuantiTect primers QT00996415 and QT00203763, using a 
QuantiTect SYBR Green RT-PCR kit (Qiagen) and a LightCycler II 
(Roche). 


IFN assays. Antiviral type I IFN in cell-culture supernatants was 
detected by using a highly sensitive bioassay (T. Kuri, M. Habjan, N. 
Penski & F. Weber, unpublished data). Briefly, supernatants of cells 
were harvested and SARS-CoV was inactivated by treatment with 
0.05% f-propiolactone (Acros Organics) at 4 °C for 16h. f- 
Propiolactone was hydrolysed by incubation at 37 °C for 2 h. Then, 
A549 cells seeded in 96-well dishes were incubated with the 
supernatants for 7 h and afterwards infected with a recombinant, 
IFN-sensitive Rift Valley fever virus (Habjan et al., 2008) expressing 
Renilla luciferase. At 16 h post-infection, A549 cells were lysed with 
Passive Lysis buffer (Promega) and luciferase activity in lysates was 
determined by using the Dual Luciferase reporter assay (Promega). 
The amount of IFN present in the supernatants of infected cells was 
calculated by using dilutions of recombinant human IFN-« as 
standard. 


Western blot analysis. Proteins were separated by SDS-PAGE and 
transferred to a PVDF membrane (Amersham), followed by 
incubation in PBS containing 5% non-fat dried milk and 0.05 % 
Tween. The membrane was first incubated for 1h with primary 
antibodies, and then washed three times with 0.05% PBS—Tween 
followed by incubation with a horseradish peroxidase (HRP)- 
conjugated secondary antibody. After three additional washing steps, 
detection was performed by using a SuperSignal West Femto 
chemiluminescence kit (Pierce). Primary antibody concentrations 
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used were 1:1000 for mouse anti-RIG-I, mouse anti-STAT-1 (Cell 
Signaling Technology) and mouse anti-f/-tubulin (Sigma). 


IRF-3 dimerization assays. IRF-3 dimerization assays were carried 
out as described by Iwamura et al. (2001). Briefly, infected cells were 
lysed in protein lysis buffer [50 mM Tris/HCl (pH 7.5), 150 mM 
NaCl, 1 mM EDTA, 1 % Nonidet P-40] containing protease inhibitors 
(Complete Protease Inhibitor; Roche) and phosphatase inhibitors 
(Phosphatase Inhibitor Cocktail II; Calbiochem), vortexed, incubated 
on ice for 10 min and then centrifuged at 4 °C for 5 min at 10000 g. 
Cell extracts (10 ug protein) were then analysed by non-denaturing 
gel electrophoresis in a 10 % native gel. Cathode buffer contained 1 % 
deoxycholate. IRF-3 monomers and dimers were detected after 
blotting onto an Immobilon-P membrane (Millipore), using a 1: 500 
dilution of the rabbit polyclonal anti-IRF-3 antibody FL-425 (Santa 
Cruz ): 


IRF nuclear-translocation assay. Endogenous IRF-3 was detected 
in Vero cells by enzymic amplification of the immunofluorescence 
signal. Cells were grown on coverslips, treated with IFN and infected 
with SARS-CoV as indicated. After an incubation period of 16 h, cells 
were fixed with 3 % paraformaldehyde and permeabilized with 0.5 % 
Triton X-100 dissolved in PBS. Cells were washed three times with 
PBS and incubated with the primary antibodies polyclonal rabbit 
anti-SARS-CoV N protein and monoclonal mouse anti-I[RF-3 17C2 
(Spiegel et al., 2005), diluted 1: 1000 and 1:500, respectively, in TNB 
blocking buffer (Perkin Elmer). After incubation at room temperature 
for 1 h, the coverslips were washed three times in PBS, then treated 
with the secondary antibodies, Cy3-conjugated goat anti-rabbit IgG 
(Alexis) and biotin-conjugated anti-mouse (Perkin Elmer) at a 
dilution of 1:200 each. Cells were again washed three times in PBS 
and incubated for 30 min with streptavidin-conjugated HRP (Perkin 
Elmer) at a dilution of 1:100. After washing in PBS, cells were 
incubated for 5 min in Fluorophore Tyramide amplification reagent 
(Perkin Elmer), then washed in PBS and mounted by using Fluorsave 
solution (Calbiochem). 


For detection of IRF-7, Vero cells were transfected with 500 ng 
pCAGGs-GFP-hIRF7A and 1 pug pCAGGs-hIRF7A in = 200 ul 
OptiMEM (Invitrogen) containing 4.5 ul FugeneHD (Roche). At 
48 h post-transfection, cells were infected for 8 h with SARS-CoV at 
an m.o.i. of 1, fixed with 3% paraformaldehyde and permeabilized 
with 0.5% Triton X-100 dissolved in PBS. For immunofluorescence 
analysis, cells were washed three times with PBS and then incubated 
with the mouse monoclonal anti-SARS-CoV N (Spiegel et al., 2005) 
diluted 1:500 in PBS. To counterstain the nuclear DNA, 4’,6- 
diamidino-2-phenylindole (DAPI, stock solution of 5 pg ml ') was 
added at a dilution of 1:500. 


Stained cell samples were examined by using a Zeiss Axioplan 2 
imaging microscope with a x 63 NA1.4 objective. 


RESULTS 


IFN priming triggers a transcriptional IFN 
response to SARS-CoV 


We investigated whether cells could become responsive to 
SARS-CoV if they were primed with IFN. As an 
experimental system, we used human 293lp cells, which 
are fully IFN-competent and support productive virus 
infection (Spiegel & Weber, 2006). These cells were first 
treated with different amounts of human IFN-« and then 
infected with SARS-CoV at an m.o.i. of 1. After an 
incubation period of 16 h, total RNA was extracted and 
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cellular gene expression was analysed by RT-PCR. Fig. 1 
(panel 1) shows that, as expected, no IFN-f transcription is 
induced by SARS-CoV in unprimed cells. Similarly, in 
uninfected cells, IFN-f transcription is not induced by 
IFN-«, as the main transcription factor IRF-3 is not 
activated by IFN (Honda & Taniguchi, 2006). However, in 
cells that were both pretreated with 100 U IFN ml ‘ and 
subsequently infected with SARS-CoV, a clear signal for 
IFN-6/ mRNA _ was detectable, suggesting IFN gene 
upregulation. Control RT-PCRs for the viral N mRNA 
and the y-actin housekeeping gene demonstrate that 
similar amounts of input RNA had been used and that 
priming with 100 U IFN-« ml‘ did not affect virus 
replication significantly (Fig. 1, panels 2 and 3). This latter 
observation is in line with a study showing that up to 
500 U IEN ml * has no effect on SARS-CoV titres (Stroher 
et al., 2004). 


These data suggest that the inability of cells to transcribe 
the IFN-f gene in response to SARS-CoV can be overcome 
by a preceding upregulation of IFN-stimulated genes 
(ISGs). 


Gene-expression profiles of IFN-primed and 
SARS-CoV-infected cells 


IFN priming may change the cellular response to SARS- 
CoV infection. To investigate this in more depth, we 
performed RT-PCR analysis of a series of selected genes 
involved in innate immunity. As shown in Fig. 2, 
transcription of the genes for DDX58 (RIG-I) as well as 
for IFTHI (MDA5), IRF-7, STAT-1, IFIT1, IFIT2, IFIT3, 
MxA, OAS1I, CXCL10 (IP-10) and CXCL11 is upregulated 
synergistically by IFN and SARS-CoV, whereas IFN 
treatment or SARS-CoV infection alone did not result in 
such a strong response. These findings suggest that priming 
with small amounts of IFN enables cells to launch a typical 
IFN response to SARS-CoV infection. To evaluate this 


SARS-CoV 


<4 IFN-f 


@ SARS-CoV N 


a Ge Bi 
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Fig. 1. Priming with IFN-« licenses cells to induce IFN-f gene 
transcription in response to SARS-CoV. RT-PCR analysis: human 
293lp cells were treated with 0, 10 or 100 U recombinant human 
IFN-« B/D ml~', incubated for 24 h and then infected with SARS- 
CoV at an m.o.i. of 1. At 16h post-infection, total RNA was 
isolated from cells and assayed for the presence of MRNA for IFN- 
B (panel 1), the N gene of SARS-CoV (panel 2) and the cellular y- 
actin gene (panel 3). 
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Fig. 2. Genes influenced by IFN and SARS-CoV. 293lp cells 
were treated with either O or 100 U human IFN-« ml” ', incubated 
for 24 h and then infected with SARS-CoV or mock-infected. At 
16 h post-infection, total RNA was isolated and assayed by RT- 
PCR for the indicated genes. 


assumption in a more global manner, we employed 
microarray analysis of uninfected 293lp cells versus cells 
that were both IFN-primed and infected, using Affymetrix 
Human Genome U133 Plus 2.0 GeneChip arrays. Cellular 
mRNA was amplified from total RNA and tested for 
quality and integrity by gel electrophoresis. After cDNA 
synthesis, biotinylated cRNAs were produced by in vitro 
transcription and hybridized to cDNA arrays representing 
47000 transcripts and variants. Hybridization was mon- 
itored by incubation with streptavidin-conjugated phy- 
coerythrin and the fluorescence signal was scanned 
automatically. Supplementary Table S2 (available in JGV 
Online) shows that the genes upregulated most strongly by 
the combination of IFN and SARS-CoV were indeed 
components of the IFN-induction and -response signalling 
pathways, such as DDX58 (RIG-I), IFIHI (MDA5), IRF-7 
and STAT-1, several IFN effector molecules such as IFIT1, 
IFIT2, IFIT3, MxA, OAS1I and TRIM22, the ubiquitin-like 
molecule ISG15 and the cytokines/chemokines CXCL10, 
CXCL11 and IFN-f. Thus, in agreement with the RT-PCR 
results (see Fig. 2), the global gene-expression analysis 
demonstrates that the response to SARS-CoV is biased 
strongly towards an IFN response if cells are pretreated 
with IFN. 


http://vir.sgmjournals.org 


SARS coronavirus and interferon priming 


Translational response of IFN-primed and SARS- 
CoV-infected cells 


To follow up on our observations, we sought to measure 
IFN concentrations in cell supernatants. Initially, we used a 
commercial ELISA kit, but were unable to detect any 
secreted IFN-f after priming and infection with SARS-CoV 
(data not shown). As this finding raised the possibility that 
the IFN induction levels may be too low for this kind of 
assay, we decided to reassess both IFN transcription and 
production by more sensitive and quantitative methods. 
We (i) employed a real-time RT-PCR protocol for IFN-f 
mRNA and (ii) established a sensitive bioassay to measure 
antivirally active IFNs. A strong IFN inducer, the Rift 
Valley fever virus mutant Clone 13 (Billecocq et al., 2004), 
was used as standard and additional control. The dose— 
response curve in Fig. 3(a) shows that increasing amounts 
of the IFN-inducing control virus result in increasing levels 
of IFN-f mRNA, and that even a 10-fold upregulation of 
IFN transcription can be detected by real-time RT-PCR. 
Moreover, results from the priming experiment confirm 
that IFN treatment alone and SARS-CoV infection alone 
did not result in a substantial IFN induction, whereas the 
combination of both induced IFN-f mRNA by over 1000- 
fold. Measurement of the corresponding IFN levels in the 
supernatants (Fig. 3b) shows that the transcriptional 
induction by SARS-CoV in IFN-primed cells results in 
production of approximately 3 U IFN (ml supernatant)’. 
A comparison with the standard curve obtained with the 
control virus indicated that these low, but clearly 
measurable, levels are within the range expected after a 
1000-fold upregulation of IFN-f mRNA [please note that 
the y-axis of Fig. 3(a) is displayed as a log;g scale and that 
of Fig. 3(b) as a linear scale]. 


We wondered whether the transcriptional response to 
SARS-CoV in cells that were primed with IFN would be 
sufficient for detectable protein production besides IFN. 
We chose two ISGs that are prominently transcribed and 
are important for the IFN reponse, namely RIG-I, an 
important RNA sensor of IFN induction (Yoneyama & 
Fujita, 2007), and STAT-1, the master regulator of IFN 
signalling (Levy & Darnell, 2002). These genes are clearly 
upregulated by the combination of IFN priming and SARS- 
CoV infection (see Fig. 2). In line with this, Western blot 
analysis of protein levels shows that concentrations of both 
RIG-I and STAT-1 proteins increase clearly and strongly in 
SARS-CoV-infected cells primed with IFN (Fig. 4). 


Thus, taken together, our results suggest that IFN priming 
allows cells to bypass the IFN-inhibitory mechanisms of 
SARS-CoV to some extent, resulting in a typical IFN 
response. 


Activation status of IRF-3 and IRF-7 


We have shown previously that, in cells infected with 
SARS-CoV, the IFN-f transcription factor IRF-3 neither 
dimerizes nor accumulates stably in the nucleus, indicating 
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Fig. 3. IFN synthesis by primed cells. Human 293lp cells were 
IFN-treated and virus-infected as described for Fig. 2. In parallel, 
cells were infected with increasing amounts of an IFN-inducing 
control virus. Supernatants were collected and cells were lysed to 
isolate total RNA. Transcriptional induction of the IFN-f gene (a) 
and IFN concentrations in the supernatants (b) were determined by 
real-time RT-PCR and a bioassay, respectively. Experiments were 
repeated three times; mean+SD values are shown. The spurious 
amounts of IFN detected in the supernatant of primed mock- 
infected cells probably represent residual priming IFN. 


a lack of activation (Spiegel et al., 2005). We wondered 
whether IFN priming may allow cells to return to a full 
IRF-3 response. To investigate dimerization of IRF-3, we 
used non-denaturing gel electrophoresis coupled to 
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Fig. 4. Endogenous protein synthesis by primed cells. Human 
293lp cells were IFN-treated and virus-infected as described for 
Fig. 2. The control virus was used at an m.o.|. of 1. Cells were lysed 
in RIPA buffer and whole-cell protein was assayed by immunoblot 
analysis for the presence of RIG-I, STAT-1 and f-tubulin. 
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Western blot analysis (Iwamura et al., 2001). Fig. 5(a) 
shows that, much to our surprise, in IFN-primed cells, IRF- 
3 is still present as a monomer after SARS-CoV infection. 
The control virus triggered IRF-3 dimerization as expected. 
Moreover, IFN priming also did not allow nuclear import 
of IRF-3 in response to SARS-CoV (Fig. 5b), similar to 
what was observed in unprimed cells. From these data, we 
had to conclude that the impact of SARS-CoV on the 
visible activation state of IRF-3 cannot be alleviated by IFN 
pretreatment. 


RT-PCR analyses have demonstrated that IRF-7 is among 
the genes upregulated by IFN priming (see Fig. 2 and 
Supplementary Table $2). IRF-7 is homologous to IRF-3 
and is thought to substitute for it at later time points of the 
IFN response (Sato et al., 2000). IRF-7 could thus be 
responsible for the SARS-CoV-induced IFN-f gene tran- 
scription after IFN priming. However, we were unable to 
detect endogenous IRF-7 by immunofluorescence analysis 
using various antibodies. Therefore, we expressed a GFP-— 
IRF-7 fusion construct instead and superinfected cells 
afterwards with SARS-CoV. Fig. 6 (upper panel) shows that 
the control virus induces nuclear import of GFP-IRF-7, 
indicating the suitability of the assay. In cells infected with 
SARS-CoV, however, IRF-7 remained in the cytoplasm 
(Fig. 6, middle panel) in a similar manner to uninfected 
cells (data not shown). The same observations were 
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IFN/SARS-CoV 


Fig. 5. Activation of IRF-3. (a) Homodimerization assay. Extracts 
from 293lp cells primed with IFN and infected with SARS-CoV or 
the control virus as described for Fig. 4 were analysed by non- 
denaturing gel electrophoresis followed by an immunoblot to 
detect IRF-3. (b) Subcellular localization. IFN-primed and virus- 
infected Vero cells were analysed by indirect immunofluorescence 
using antibodies specific for IRF-3 and SARS-CoV. 
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Fig. 6. Activation of IRF-7. Vero cells were transfected with a 
GFP-IRF-7 cDNA construct and IFN-treated and infected as 
indicated. Subcellular localization of IRF-7 was analysed by GFP 
autofluorescence, and virus infection by immunofluorescence 
using antibodies specific for SARS-CoV and the control virus, 
respectively. 


obtained when cells had been primed with IFN prior to 
infection (Fig. 6, lower panel). Thus, visible activation of 
IRF-7 is not detectable in SARS-CoV-infected cells, in a 
manner similar to that observed for IRF-3. To our 
knowledge, this is the first report on the absence of 
detectable IRF-7 activation by SARS-CoV. 


Taken together, despite the fact that IFN pretreatment 
licenses cells to transcribe IFN-f as well as other IRF-driven 
genes and ISGs in response to SARS-CoV, we were unable 
to find evidence of IRF-3 or IRF-7 activation. 


DISCUSSION 


Previous work from our laboratory and from other groups 
has established that IFN transcription is blocked in tissue 
cells infected with SARS-CoV (Cheung et al., 2005; 
Frieman et al., 2008; Spiegel et al., 2005; Spiegel & 
Weber, 2006; Thiel & Weber, 2008). Our results presented 
here imply that priming with small amounts of IFN allows 
cells to partially restore their innate immune responsive- 
ness to SARS-CoV. 


Even for the weak IFN inducer SARS-CoV, IFN priming 
and virus sensing appear to act together in an unexpectedly 
tight and synergistic manner. This indicates that the 
positive-feedback loop caused by IFN priming is able to 
amplify the antiviral effect of physiological levels of IFN. 
Most likely, the heightened IFN induction by primed cells 
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is due to an upregulation of the virus-sensing signalling 
chain, exemplified by molecules such as MDA5 and IRF-7. 
This may result in a state of ‘raised awareness’ for the cell, 
as MDAS5 is the intracellular sensor for coronaviruses 
(Roth-Cross et al., 2008) and IRF-7 is a potent regulator of 
the IFN system (Honda et al., 2005). Interestingly, TLR7, 
the endosomal sensor for coronavirus infection 
(Cervantes-Barragan et al., 2007), was not among the 
upregulated genes (see Supplementary Table S2). By any 
means, the priming mechanism allows the host to relay the 
IFN signal and to couple maximal production of antiviral 
and proinflammatory cytokines to ongoing virus infection, 
thus restricting these potentially damaging cytokines to 
those sites where they are needed most. Moreover, previous 
exposure to IFN apparently allows cells to alleviate the 
action of viral IFN antagonists. 


In contrast to tissue cells, pDCs transcribe and translate as 
much IFN in response to SARS-CoV as in response to the 
strong IFN inducer Newcastle disease virus (Cervantes- 
Barragan et al., 2007). The pronounced response of pDCs 
had initially prompted us to ask whether, in vivo, the IFN 
produced by pDCs could prime neighbouring tissue cells, 
thus helping them to launch a full IFN response to SARS- 
CoV. Our results showing that this is at least partially the 
case indicate that, in vivo, the pDC-derived IFN may help 
neighbouring cells to overcome their anergic state of 
responsiveness to SARS-CoV, and to produce IFN 
themselves. As levels of IFN are rather low, however, the 
fine balance between IFN production and virus load may 
determine the net outcome of infection. In fact, most 
studies involving patient materials found no significant 
upregulation of type I IFNs or of IFN-induced genes 
(reviewed by Frieman et al., 2008; Thiel & Weber, 2008). 
However, a recent study investigating immune responses of 
40 clinically well-defined SARS cases revealed high levels of 
plasma IFN and an atypical ISG-expression profile in pre- 
crisis patients, but not in crisis patients (Cameron et al., 
2007). In agreement with this, it has been shown that 
SARS-CoV infection triggers an early type I IFN response 
in cynomolgus macaques (de Lang et al., 2007). Possibly, 
pDC-derived IFN may appear early in infection, but at the 
time when patients are admitted to hospital, it has become 
undetectable due to dilution or exhaustion of pDCs and 
primed tissue cells. In SARS survivors, a strong initial IFN 
response started by pDCs and amplified by primed tissue 
cells may eventually control virus infection. 


IFN treatment, which was shown to protect experimentally 
infected macaques from SARS-CoV infection (Haagmans et 
al., 2004), may thus have a double benefit in that it allows 
cells to at least partially restore their antiviral responsiveness. 


SARS-CoV is capable of blocking IFN induction at several 
levels. Firstly, the viral dsRNA produced during infection 
(Weber et al., 2006) is stored away in distinct membrane 
compartments in order to minimize host-cell recognition 
(Knoops et al., 2008; Versteeg et al., 2007). Secondly, there 
is a range of active measures. In overexpression studies, it 
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was shown that the viral proteins ORF3b, ORF6 and N 
(Kopecky-Bromberg et al., 2007) are able to inhibit IRF-3 
directly, and that the PLpro domain, part of the viral nsp3 
protein, inhibits activation of IRF-3-dependent promoters 
(Devaraj et al., 2007). Moreover, the nsp1 protein induces 
a general RNA instability that can affect IFN-/ mRNA 
levels (Kamitani et al., 2006). Therefore, viruses with 
mutations in the nsp1 gene induce higher IFN levels than 
wild-type virus (Narayanan et al., 2008; Wathelet et al., 
2007). In line with these results, our study indicates that 
IRF-7, the master regulator of the IFN system (Honda 
et al., 2005), is not activated by SARS-CoV. It will be 
interesting to see whether a specific viral gene product is 
responsible for this. 


In spite of all these well-described inhibitory mechanisms, 
IFN pretreatment allows cells to at least partially bypass 
them. Interestingly, a similar observation was obtained 
with DCs infected with influenza viruses (Osterlund et al., 
2005; Phipps-Yonas et al., 2008). Comparison of SARS- 
CoV with the highly effective IFN inducer Clone 13, 
however (see Fig. 4), reveals that the response is not yet at 
its upper limit, indicating that viral countermeasures and 
hiding mechanisms are still in place to some extent. 
Interestingly, previous studies have shown that, in SARS- 
CoV-infected cells that were superinfected with Sendai 
virus, IFN-8 mRNA was transcribed to the same level as in 
cells infected with Sendai virus only (Versteeg et al., 2007). 
For SARS-CoV (and the related mouse hepatitis virus), it 
was additionally shown that secretion of IFN-f is inhibited 
in such double-infected cells, despite a clear transcriptional 
induction (Devaraj et al., 2007; Roth-Cross et al., 2007). In 
our study, however, we detected amounts of secreted IFN 
in a range expected from the level of transcriptional 
induction. Differences in experimental set-up may account 
for the conflicting observations. Coronavirus infection was 
fully established in those cells superinfected with Sendai 
virus, whereas in the case of our priming studies, SARS- 
CoV first had to pass through all phases of the 
multiplication cycle and accumulate its gene products. It 
may thus be that, in a fully established coronavirus 
infection, which is known to reorganize large parts of the 
internal cell membranes (Knoops et al., 2008; Stertz et al., 
2007), secretion of cytokines does not take place any more, 
whereas in earlier infection phases, this is not the case. 
Alternatively, IFN priming may be able to neutralize the 
secretion block imposed by SARS-CoV. 


An unexpected finding of our study was that, despite a 
clear upregulation of IFN-f transcription, neither IRF-3 
nor IRF-7 was visibly activated. At least for IRF-3, however, 
several reports indicate that transactivation of promoters 
can occur without any of the conventional signs of 
activation (Collins et al., 2004; Noyce et al., 2009). This 
confirms the view that IRF-3 is activated in a multi-phase 
manner and that subdetectable amounts of IRF-3 are 
sufficient for a certain promoter activity (Clement et al., 
2008). Quantification of IFN transcription in dependence 
of inducer RNA concentrations or infection phase, 
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correlated with assays measuring dimer formation and 
nuclear import, may allow better definition of the different 
phases of IRF-3 activity. 


To sum up, we have shown that the large array of anti-IFN 
strategies employed by SARS-CoV is partly mitigated in 
cells that have been in contact with IFN before infection. 
Moreover, IFN-primed cells infected with SARS-CoV 
display a lack of correlation between IFN-f transcription 
and the conventional assays used to measure the activity of 
IRF-3 and IRF-7. 
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